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ABSTRACT 

 

Nano-zinc oxide (ZnO) reinforced ultra high molecular 

weight polyethylene (UHMWPE) composites with 

different filler loading were prepared using hot 

compression moulding. The tribological behaviours of 

nano-ZnO filler loading in UHMWPE under abrasive 

condition were studied. The mechanical properties 

were investigated using hardness and compression test. 

The tribological behaviours were investigated using 

pin-on-disc test rig. The pin shaped samples were slide 

against 400 grit SiC abrasive papers which were pasted 

on the stainless steel disc under dry sliding conditions. 

The worn surfaces of the composites were observed 

under the field emission scanning electron microscopy 

(FESEM). Experimental results show that the 

reinforcement of nano-ZnO filler into UHMWPE 

improve the mechanical properties and hence reduce 

the wear rate. The optimum filler loading of 

ZnO/UHMWPE composite for the mechanical and 

tribological performance is found to be approximately 

10 wt%. The worn surface shows the wear mechanism 

of UHMWPE turns from adhesive wear to mild 

abrasive wear upon reinforcing with nano-ZnO filler.   

 

Keywords: Nano-ZnO, UHMWPE, Composite, 

Abrasive wear, Wear mechanism 

 

1. INTRODUCTION 
 

In recent years, the better performance of ultra high 

molecular weight polyethylene (UHMWPE) such as 

good wear resistance in relative to other thermoplastics 

(Stein, 1999); bio-compatibility; chemical inertness 

and high impact resistance (Steven, 2004, Dangsheng, 

2005); have pushed forward the UHMWPE’s 

popularity compared to conventional PE. Its wide 

industrial applications includes engineering bearing 

(Guofang et al., 2004), valves (Stein, 1999), 

automotive part (Steven, 2004) and etc. However, their 

low hardness and elastic modulus remains a major 

concern, especially in biomedical implant (Steven, 

2004, Dangsheng, 2005). Moreover, the wear is a 

major failure for UHMWPE total joint replacement 

bearing component (Dangsheng, 2005). In order to use 

UHMWPE for the intended usage, it is therefore 

necessary to minimize the wear problem and improve 

the mechanical properties such as elastic modulus and 

strength. In the industry, components made from 

UHMWPE are subjected to assorted wear conditions, 

but abrasive wear remains the main issue. This is due 

to the daily abrasive environment surrounding the 

components. Numerous studies have been done to 

improve the abrasive wear resistance of UHMWPE 

composites. Tong et al., (2006) reported that 

UHMWPE filled with wallastonite fiber had improved 

the abrasion resistance. Liu et al., (1999) also reported 

that the wear resistance of UHMWPE was improved 

significantly after reinforcement with quartz powder 

under abrasive wear conditions.  
 

The incorporation of nano-material 

reinforcement into polymer has introduced a new 

pathway in engineering composites. Nano-sized filler 

can significantly alter the structure of the polymer 

matrix due to its large surface to volume ratio. Hence, 

it offers additional advantages in the physical and 

mechanical performances of polymer composites. As a 

new reinforcement material, nano-zinc oxide (ZnO) 

exhibits high strength, toughness, heat resistance, wear 

resistance, electric conductor, antibacterial (Zhang et 

al., 2008, Liu et al., 2009) etc. Research shows that the 

tribological properties of the polymer can be improved 

by filling appropriate amount of nano-sized fillers into 

the polymer matrix. Li et al., (2001) made known that 

the wear and friction of polytetrafluoroethylene (PTFE) 

were reduced by incorporating 15 vol.% nano-particles 

ZnO. Wang et al., (2009) had researched on the 

tribological behaviour of nylon composites filled with 

ZnO whiskers and particles. Results have shown that 

both ZnO whiskers and ZnO particles give significant 

improvement in the mechanical and tribological 

properties of the nylon composites. ZnO nano-particles 

are bio-compatible material which has the potential for 

UHMWPE modification. In this work, nano-ZnO 

reinforced UHMWPE composites were prepared using 

hydraulic hot press. The effect of nano-ZnO into 

UHMWPE matrix on the mechanical and tribological 

performances under abrasive conditions was studied. 
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2. EXPERIMENTAL  

 

2.1 Materials 

 

The UHMWPE grade GUR 4120 was supplied by 

Ticona Ebgineering Polymer, China, in powder form 

with molecular weight of 5 x 10
6 

gmol
-1

 and density of 

0.93 g/cm
3
. ZnO nano particles and 3-

Aminoproplytriethoxysilane (3-APTES) were supplied 

by Sigma Aldrich (M) Sdn. Bhd.   

 

2.2 Sample Preparation  

 

The treatment on nano-ZnO surface was carried out by 

adding the appropriate amount of coupling agent (3-

APTES) in ethanol-water mixture, and the mixture was 

then stirred for 3 hours to ensure the silane group 

becomes reactive (Chang et al., 2011). The solution 

was adjusted to pH 4 with the addition of acetic acid. 

After 3 hours, nano ZnO were gradually added into the 

solution and heated at the temperature of 40ºC for 3 

hours. The resulting solution was then refluxed at 80ºC 

overnight. After that, the nano-ZnO colloidal solution 

was centrifuged and washed several times with ethanol 

to drive off excessive silane. Treated nano-ZnO was 

obtained after being dried in an oven at 100ºC. Nano-

ZnO filler was then mixed with UHMWPE using a 

mechanical ball milling. Subsequently, the samples 

were pre-heated 30 minutes, hot pressed for 20 minutes 

and cooled to room temperature. The composite 

samples were then trim and cut for testing.      

 

2.3 Mechanical and Tribological Properties 

 

Compression and hardness test were carried out to 

evaluate the mechanical properties of the samples. The 

compression test was performed using Instron 3360 

universal testing machine with a crosshead speed of 0.5 

mm/s. The hardness test was performed using 

Rockwell hardness tester. An average reading of 5 

samples were taken. The tribological properties of the 

samples were performed using pin-on-disc tester 

according to ASTM G-99-01 under abrasive 

conditions. SiC abrasive paper of grit 400 (~20 µm) 

was adhered on the disc surface to act as abrasive 

agent. The test samples were cut from hot press 

moulded samples into square pins with dimensions of 9 

x 9 x 30 mm. The samples were tested in a dry sliding 

condition using different variables i.e. sliding speed 

(0.033, 0.368 m/s) and applied load (10, 20, 30N). The 

weight loss due to wear of each sample was measured 

using Sartorius electronic analytical balance with 

0.001g accuracy. During the test, the deflection of 

voltmeter reading was recorded and the average 

friction coefficient was calculated from the data.    

 

2.4 FESEM Micrograph Analysis on Worn Surface 

 

The worn surfaces of the samples were characterized 

using the Zeiss Supra 55VP filed emission scanning 

electron microscope (FESEM). The worn surfaces of 

samples were prior coated with Au-Pd by using the 

Sputter Coater Polaron SC 515.  

 

3. RESULT AND DISCUSSION 

 

3.1 Compressive Strength of the ZnO/UHMWPE 

Composites   
 
From Figure 1, the compressive strength increases with 

the nano-ZnO filler loading. The compressive strength 

reaches the maximum value at 10 wt% of nano-ZnO 

whereby there is an increase of 190.6% from the pure 

UHMWPE. There is no significant change in the 

compressive strength from 10-15wt% loading. The 

compressive strength then decreases dramatically when 

the filler loading increases above 15 wt%. This proves 

that 10-15 wt% is the optimum filler loading. Above 15 

wt%, the effective interfacial interaction between filler 

and matrix decreases due to the reduction of the 

continuous matrix phase. Therefore, the poor stress 

transfer between the matrix and filler results in the 

reduction of the compressive strength.  

 

 
 

Figure 1 Effect of filler loading on Compressive 

strength of ZnO/UHMWPE composites  

 

3.2 Hardness and Elastic Modulus of the 

ZnO/UHMWPE Composites   
 

The tribological properties of the UHMWPE 

composites may depend on its mechanical properties, 

especially the surface properties (Liu et al., 2008). 

Figure 2 shows the variation of the hardness and elastic 

modulus of ZnO/UHMWPE composites with respect to 

the nano-ZnO filler loading. As can be seen, the 

hardness increases with the nano-ZnO filler loading. 

The hardness and elastic modulus reaches the 

maximum at 10 wt% filler loading with an increase of 

5.2% and 36.4% respectively from pure UHMWPE. 

However, once the filler loading exceeded 10 wt%, the 

hardness and elastic modulus decreases. This proves 

that by adding optimum amount of nano-ZnO fillers 

into UHMWPE would cause the composite to become 

stiffer. Therefore, the surface properties of the 

UHMWPE could be improved by adding optimum 

amount of nano-ZnO into UHMWPE i.e. ~10 wt%. 

The continuous increase of elastic modulus from 5 to 

10 wt% filler loading is because of the mobility 

restriction of UHMWPE composites molecular chains 
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by nano-ZnO fillers. The elastic modulus decreases for 

filler loading above 10 wt%. This shows that 

agglomeration and poor dispersion of filler occurred.  

 

 
 

Figure 2 Effect of filler loading on hardness and elastic 

modulus of ZnO/UHMWPE composites 

 

3.3 Effect of Applied Load, Filler Loading and 

Sliding Speed on the Wear of the Composites  

 

Figure 3 shows the various effect of the applied load on 

the abrasive wear of the ZnO/UHMWPE composites as 

a function of filler loading. Three load variables i.e. 10, 

20, 30 N, and two variables of sliding speed i.e. 0.033, 

0.368 m/s are applied in this study. As can be seen, 

there is a greater weight loss to the composites upon 

applying 20 to 30 N load compared to 10 N. This is 

due to the increase in the real contact area between the 

composites surface and abrasive surfaces when using 

higher applied load (Van De Velde and De Baeas, 

1997). Increase in the applied load has also led to 

surface softening from the frictional heating 

(Dangsheng, 2005) and increase the degree of plastic 

deformation of the composites. This subsequently 

causes severe plastic deformation, adhesive wear and 

abrasive wear.  

 

The graph in Figure 3 shows that pure 

UHMWPE has higher weight loss than the reinforced 

UHMWPE for both sliding speeds and under all 

applied loads. During the sliding wear test, the sample 

was subjected to load and shear stress from sliding 

action by the counter-face. The detached mass from 

UHMWPE matrix surface caused by the sliding action 

of hard asperities of the abrasive paper formed a 

transfer film at the interface. The function of nano-ZnO 

fillers is to act as stress transfer medium, preventing 

the stress from directly transferring to the UHMWPE 

matrix. Thus, addition of nano-ZnO into UHMWPE 

matrix would increase the required sliding force for 

composite surface mass to detach from the bulk 

composite body. Therefore, the decrease in the weight 

loss is observed after the incorporation of nano-ZnO 

fillers into UHMWPE matrix. The weight loss 

decreases to a minimum at 10 wt% filler loading before 

increasing again. This can be explained by the close 

relationship between the wear of the composites and 

the filler loading. The fillers embedded in UHMWPE 

matrix and the distribution of fillers are approximately 

uniform when the fillers quantity is below a certain 

amount (Tong et al., 2006). Likewise, the dispersion of 

the filler became poor when the filler loading is above 

the optimum amount i.e. 10 wt% in this work. This is 

because at higher filler loading, the filler inter-particle 

distance is reduced and particles tend to agglomerate 

(Klaus et al., 2005). The agglomeration of fillers would 

cause severe abrasive wear and the ZnO fillers could 

be easily detached from the matrix due to the lower 

continuous phase of the UHMWPE matrix in high filler 

loading condition. Therefore, the increase in the filler 

loading above the optimum level will contribute to a 

higher weight loss of the composites. 

 

Figure 3 Weight loss of the ZnO/UHMWPE as a 

function of filler loading (a) 0.033 m/s (b) 0.368 m/s 

 

The weight loss was also seen to increase with 

increasing sliding speed, as in Figure 3. The effect of 

sliding speed on weight loss due to wear is affected by 

the composite interfacial temperature (Barrett et al., 

1992). The frictional interface at higher sliding speed 

would cause more friction-induced heat. This condition 

causes the softening of ZnO/UHMWPE composites 

that would accelerate wear.  

 

The wear behaviour is also related to the 

hardness of the composite. As displayed in Figure 2, 

the hardness of the composite at 10 wt% loading is the 

highest compared to others. According to Ge et al., 

(2005) whom uses the Archard’s equation prediction 

concludes that the wear rate of UHMWPE composite 

decreases when the hardness of a composite increases. 

This is because by increasing the composites hardness, 

the plastic contact area for composites surface to 

abrasive asperities counter-face will reduce (Ge et al., 

2005). Therefore, the wear resistance increases.  
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3.4 Effect of Applied Load, Filler Loading and 

Sliding Speed on the Friction Coefficient of the 

composites  

 

Table 1 shows the friction coefficient of 

ZnO/UHMWPE composites as function of filler 

loading, applied load and sliding speed. When the 

samples slide against abrasive paper, the friction of all 

samples fluctuated at a higher degree during the 

beginning of the test due to the high friction of the 

contacts between the sample and the sharp ridges on 

the abrasive paper. As the test progresses, the friction 

becomes steady.  The wear debris from the composites 

will cushion the sharp ridges on the abrasive paper, 

thus formed a transfer film between the samples 

surface and abrasive paper. Therefore, there will be 

less friction and the steady stage was approached. 

From the results obtain in Table 1, all the 

ZnO/UHMWPE composites have almost the same 

friction coefficient which fluctuated in a very small 

extent compared to the pure UHMWPE. This may be 

due to similar surface roughness of the counter-face 

and the transfer film formed by the wear debris on the 

counter-face for all the samples having the identical 

composition. Therefore, similar trend of friction 

coefficient data is obtained in Table 1.   

 

Table 1 Friction coefficient of ZnO/UHMWPE as 

function of filler loading  

Load Pure 5% 10% 15% 20% 

Sliding speed : 0.033 m/s 

10N 0.8020 0.8010 0.8012 0.8017 0.8017 

20N 0.4006 0.4006 0.4007 0.4009 0.4007 

30N 0.2671 0.2673 0.2673 0.2673 0.2672 

Sliding speed : 0.368 m/s 

10N 0.8016 0.8014 0.8018 0.8017 0.8016 

20N 0.4003 0.4008 0.4008 0.4008 0.4006 

30N 0.2671 0.2673 0.2672 0.2673 0.2673 

 

Figure 4 shows the friction coefficient as a 

function of the applied load. It was noticeable that, the 

friction coefficient of the ZnO/UHMWPE composites 

decreases with the increasing applied load. The average 

friction coefficient fells within the range of 0.8010–

0.8018, 0.4003–0.4009 and 0.2671-0.2673 for 10, 20 

and 30 N respectively. The average friction coefficient 

fell approximately 65 % from 10 N to 30 N applied 

load. This is due to the smearing effect on the transfer 

film and frictional induced heat on the sliding interface 

at higher applied load. Under high applied load 

condition, the temperature of the composites surface 

rises rapidly and caused the composite surfaces 

softening. Hence, the friction coefficient reduces when 

the applied load increases. The real contact between the 

surface of composite and abrasive asperities is also the 

reason that cause a decrease in friction coefficient with 

increasing applied load (Song et al., 2010). 

 

 
Figure 4 Friction coefficient of the nano-

ZnO/UHMWPE as a function of applied load under 10 

wt% ZnO, 0.368 m/s, 5 min. 

 

3.5 SEM Observation on Worn Surfaces  

 

When ZnO/UHMWPE composites slide against the 

abrasive paper under applied load, the wear debris is 

formed which is caused by sliding action of the 

asperities of abrasive paper. This causes plastic 

deformation, adhesive wear and abrasive wear on the 

samples surfaces. Figure 5 presents the SEM 

micrograph observation of the worn surfaces on 

ZnO/UHMWPE composites sample. There are 

stretches grooves and furrow on all worn surfaces of 

the composites samples which were caused by plastic 

deformation. The severity of adhesive wear and 

abrasive wear of UHMWPE has changed by 

reinforcing of nano-ZnO into UHMWPE. Figure 5(a) 

shows SEM micrograph of worn surfaces of pure 

UHMWPE. It shows that existence of deep plowed and 

wider grooves on pure UHMWPE worn surface 

compared to ZnO/UHMWPE composites. Polymer 

flakes were also observed in the fraction surfaces. 

Smaller grooves and smoother surface is observed for 5 

wt% ZnO/UHMWPE compared to pure UHMWPE as 

showed in Figure 5(b). SEM micrograph for 10 and 15 

wt% filler loading are quite similar as shows in Figure 

5 (c and d) respectively. It can be seen that the 

composite surface exhibiting plowed stretch cause by 

the plastic deformation. The wear mechanism was 

transforms to mild adhesive and abrasive wear. The 

white portions are nano-ZnO rich phase. The nano-

ZnO acts as a stress transfer medium to resist the 

detachment of UHMWPE surface mass from the bulk 

composite body. Therefore, minor groove and furrow 

was observed on ZnO/UHMWPE composite surfaces 

compared to pure UHMWPE. The ZnO/UHMWPE 

composites hardness also affects the wear mechanism. 

The increase in hardness and modulus would increase 

the sliding resistance and lead to less wear debris. 

Therefore, the grooves and furrow is smaller for 10 

wt%.  
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Figure 5 SEM image of the worn surfaces on pure and 

ZnO reinforced UHMWPE after 5 min test duration. 

(a) Pure UHMWPE (b) 5% ZnO addition (c) 10% ZnO 

addition (d) 15%ZnO addition (e) 20% ZnO addition. 

The white arrows show the sliding direction. 

 

The worn surface of 20 wt% ZnO/UHMWPE 

in Figure 5 (e) shows numerous fractures of brittleness 

break and wear debris. Besides that, the worn surface 

of this composite seemed like exfoliated. This result 

inferred that the nano-ZnO filler agglomerates at 20 

wt% loading. High filler loading would tend to cause 

agglomeration, brittle failure of the composites and 

formation of larger debris. Agglomeration would also 

cause debonding between the matrix and filler, 

incorporating brittleness to the composites. That is the 

reason why the mechanical behaviour and wear 

resistance of 20 wt% ZnO is not good enough in 

comparison to 5, 10 and 15 wt% filler loading.  

 

 

4. CONCLUSIONS 

 
The tribological properties of UHMWPE under 

abrasive conditions can be improved by filling 

appropriate amount of nano-ZnO. It was found that the 

weight loss shows a minimum at 10 wt% filler loading. 

The friction coefficient was found to be comparable for 

pure UHMWPE and the ZnO/UHMWPE composites.  

The addition of nano-ZnO in UHMWPE would reduce 

the severity of adhesive wear and abrasive wear.       
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